Spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disease that is characterized by the loss of motor neurons, resulting in progressive muscle atrophy. It is caused by the loss of functional survival motor neuron (SMN) protein due to mutations or deletion in the SMN1 gene. A potential treatment strategy for SMA is to upregulate levels of SMN protein. Several agents that activate STAT5 in human and mouse cell lines enhance SMN expression from the SMN2 gene and can compensate, at least in part, for the loss of production of a functional protein from SMN1. Here, we have shown that prolactin (PRL) increases SMN levels via activation of the STAT5 pathway. PRL increased SMN mRNA and protein levels in cultured human and mouse neuronal cells. Administration of STAT5-specific siRNA blocked the effects of PRL, indicating that the PRL-induced transcriptional upregulation of the SMN-encoding gene was mediated by activation of STAT5. Furthermore, systemic administration of PRL to WT mice induced SMN expression in the brain and spinal cord. Critically, PRL treatment increased SMN levels, improved motor function, and enhanced survival in a mouse model of severe SMA. Our results confirm earlier […] Research Article Neuroscience
Introduction
Autosomal recessive spinal muscular atrophy (SMA) is a leading inherited cause of infant death worldwide. It is characterized by the loss of motor neurons from the anterior horn of spinal cord and attendant paresis leading to respiratory insufficiency (1) . The incidence of SMA is one in 10,000 live births, with a carrier frequency of approximately 1:35 to 1:50 (2) . Based on disease onset and severity, SMA is broadly classified into 4 categories: type I, the most common and severe form in which there is a profound weakness by 6 months, often resulting in death by the first 2 years of life; types II and III, which are milder forms; and type IV, characterized by mild proximal weakness at adulthood and normal longevity.
Low levels of functional survival motor neuron (SMN) protein due to mutations or deletion of the SMN1 gene cause SMA (3, 4) . SMN is a ubiquitously expressed 294-amino acid protein evolutionarily conserved, which through a myriad of interactions is required for subcellular RNA localization and processing (4) (5) (6) (7) (8) (9) (10) (11) (12) . Chief among these is a complex with Gemins, central to biogenesis of spliceosomal small nuclear ribonucleoproteins (snRNPs) a major component of pre-mRNA splicing machinery (13) . SMN has other functions as well in the assembly, metabolism, and transport of other ribonucleoproteins (8, 10, 12) . Due to an evolutionarily recent duplication event on chromosome 5q13, humans uniquely have 2 nearly identical SMN genes, SMN1 and SMN2 (14, 15) . The SMN1 gene is the primary source of full-length functional SMN protein; its loss or mutation is both necessary and sufficient for SMA (3) . There are 5 nucleotides that distinguish SMN1 and SMN2 coding regions (3) ; none are translationally significant, although the C to T transition at position 6 of exon 7 results in SMN2 mRNA being alternatively spliced, producing only 5%-10% of the full-length functional SMN protein (3, 16, 17) .
All SMA patients have at least one copy of the SMN2 gene, which produces low amounts of functional SMN protein. Complete absence of SMN genes is embryonically lethal in both humans and mice (18) (19) (20) . Individuals with SMA have a variable number of SMN2 genes; the greater the SMN2 gene copy number, the milder the disease severity (21, 22) . Presently, there is no effective therapy for SMA. A potential treatment strategy for SMA is to upregulate levels of SMN protein originating from the SMN2 gene, compensating in part for the absence of a functional SMN1 gene.
A number of small molecules have been proposed as SMN2 inducers; among them are sodium valproate, trichostatin A (TSA), and aclarubicin, which have all been suggested to activate STAT5 in SMA-like mouse embryonic fibroblasts and human SMN2-transfected NSC34 cells (23) . STAT5 is a member of the Signal Transducers and Activator of Transcription proteins family, which controls diverse cellular responses such as cell growth, differentiation, and apoptosis through modification of gene expression of cytokine inducible genes (24, 25) . STATs are direct targets of JAK, which is activated by the binding of ligand to specific cytokine receptors. Prolactin (PRL) is a 199-amino acid 23-kDa polypeptide hormone that binds to PRL receptor (PRLR) and activates the JAK2/STAT5 pathway (25, 26) . PRLRs are present in the metazoan central nervous system, including motor neurons (25, 27) , and the protein is blood brain permeant, enticing us to explore its impact on SMN2.
We show here a PRL-conferred SMN increase in both neuronal cells and WT mice and present evidence for a STAT5 pathway activation of SMN transcription underlying this increase in functional SMN protein. Importantly, we show that PRL also increases SMN levels and improves motor function and survival in a severe SMA mouse model. Our results confirm earlier work suggesting STAT5 pathway activators as potential therapeutic compounds for the treatment of SMA and identify PRL as one such promising agent.
Results

PRL treatment upregulates SMN gene expression in vitro.
In order to explore a role for PRL in the regulation of the SMN gene in vitro, the expression of PRLR in human neuron-committed teratocarcinoma (NT2) cells was first confirmed ( Figure 1A ). The cells were next treated with a range of PRL doses (25-100 ng/ml) for 48 hours. SMN transcript levels were found to be increased significantly (3-to 4-fold) in NT2 cells upon treatment with all PRL doses ( Figure 1B) . NT2 or motor neuron-derived (MN-1) cells were then treated with similar PRL doses for 48 hours and harvested for Western blot analysis. All PRL doses tested led to a significant increase in SMN protein levels in both NT2 and MN-1 cells (Figure 1 , C-F). Taken together, these results demonstrate that PRL treatment causes an increase in SMN steady-state mRNA and protein levels in both human and mice neuronal cell lines.
Activation of STAT5 pathway causes upregulation of SMN gene and is responsible for PRL-conferred SMN protein increase. Since the STAT5 pathway has been implicated in the regulation of the SMN gene (23) and given that PRL is a known activator of the pathway, we confirmed the previously published results that PRL increases total STAT5 levels and also activates the STAT5 pathway by phosphorylating STAT5 protein (Figure 2A PRL treatment improves disease phenotype of SMA mouse model. The impact of PRL-induced increase in SMN levels on disease phenotype in SMAΔ7 mice was next examined. The SMAΔ7 mice have severely impaired righting time and muscle weakness detectable by P5. They are also significantly underweight compared with heterozygous and WT littermates, with a median survival of 13 days. In order to assess the impact of PRL on the phenotype of the disease, SMAΔ7 mice (P1) were given daily PRL or vehicle i.p. injections and their weight, motor function, and longevity assessed. SMAΔ7 mice treated with PRL showed a considerably slower weight loss, dramatic improvement of motor function (as assessed by righting time), and significant extension of survival (median survival of 21 days) as compared with vehicle-treated SMAΔ7 mice (median survival of 14 days; Figure 6 , A-C, respectively, and Supplemental Videos 1-3). PRL treatment upregulates SMN protein level in an SMA mouse model. In order to investigate whether SMN is upregulated throughout the life span, SMAΔ7 mice were given daily 2.5 mg/kg PRL i.p. doses from P1 till death (P23). Brain, spinal cord, and muscle samples were harvested for Western blot analysis. SMN protein levels in brain and spinal cord tissues were found to be significantly increased at the time of death ( Figure 7 , A-D), with smaller increases observed in muscle ( Figure 7 , E and F).
Discussion
A potential treatment strategy for SMA is the upregulation of SMN protein originating from SMN2, a gene that is present in all affected SMA individuals, compensating in part for the absence of a functional SMN1 (3). One of a number of pathways that increase SMN is STAT5 (23) , and one of the more potent known inducers of STAT5 is PRL. The facts that PRL passes the blood brain barrier (BBB) and that its receptor is expressed throughout the central nervous system (26, 27) increase its potential as an SMA therapeutic.
We document here a PRL-mediated increase in both SMN mRNA and protein levels in the human neuronal cell line and murine motor neuron MN-1 cells. We also show an associated rapid increase in both phospho and total STAT5 levels upon PRL treatment. SMN mRNA induction is also seen when cells are treated with the small molecule STAT5 activator ATA (28) . Conversely, an attenuation of PRL-mediated SMN induction was observed when cells were pretreated with STAT5 RNAi. An earlier report showing in vitro STAT5 conferred SMN induction revealed the induction to be transcriptional in nature (23) (rather than transcript stabilization or altered splicing); in keeping with this, we have found that actinomycin D (a transcription inhibitor) treatment effectively abrogated the SMN induction in NT2 cells (data not shown).
Treatment with different doses of PRL in WT mice next revealed, as with cell culture, a sustained induction of SMN protein in brain and, to a lesser degree, in spinal cord. An increased and optimized PRL dose in SMA mice resulted in a significant and sustained increase in SMN mRNA and protein levels, surpassing that observed in previously identified SMN-inducing agents (23, (30) (31) (32) (33) (34) . Immunohistochemical analysis revealed a significant SMN induction in motor neurons. The second site of profound SMN upregulation appeared to be capillaries and endothelial cells. Although recent work suggests a central nervous system-mediated role in this phenomenon (35) , whether the modulation of SMN in the endothelium also has implications for the peripheral necrosis recently observed in both mouse model of the disease (30) and in patients (36, 37) is an open question.
Although the mSmn -/-;SMN2 +/+ , SMN2*Δ7 +/+ mouse (null for mouse Smn gene rescued with 2 transgenes; human SMN2 and an SMN2 cDNA deleted for exon 7), with a phenotype that closely resembles type I SMA in humans, is one of the most widely used in preclinical assessment of SMA therapeutics (29) , interlaboratory comparisons of the impact of drug or other intervention poses a challenge. The sole sure commonality, in addition to its being the same species, is the absence of endogenous mouse Smn and presence of presumably identical human SMN2 and SMNΔ7 transgenes. Otherwise the genetic background, housing conditions (e.g., temperature, dark/light cycle), and not least, feeding conditions can vary widely as can be seen by survivals ranging from 12 to 17 days. Thus, we find that taking the ratio of median survival of treated to In addition to apparently being more effective than the comparatively toxic TSA treatment, the phenomenon of responder and nonresponder mice observed with TSA treatment (33) was not observed with PRL treatment, as the hormone appeared to confer roughly consistent benefit on all treated SMA pups. Another compound that has shown promise for the treatment of SMA is an antisense oligonucleotide that prevents alternative splicing of SMN2 transcript, resulting in more full-length transcript (30) . The most encouraging report so far in the field of SMA therapeutics is on the use of self-complementary AAV9 gene therapy with SMN as a payload, which resulted in an extension in longevity of SMA mice from 2 weeks to 250 days plus (38) . Similar results have been seen by other groups who used similar gene therapy approaches to treat SMA mice (39) (40) (41) . However, the clinical introduction of this treatment for SMA must await resolution of the issues of clinical safety, a potential species barrier including immune response, the ability to prepare an adequate quantity of GMP-grade virus, and overall cost (42) .
We were struck by the dramatically greater SMN induction observed in SMA mice when compared with WT mice; we also noted that SMN induction in human cell lines surpassed that observed in murine cell lines. The sole sources of SMN protein in the SMA mice are human SMN genes. This prompted an analysis of the putative STAT5-binding sites in murine Smn and human SMN genes. In the original STAT5 SMN paper, promoter sequence analysis of both murine and human SMN genes showed 2 conserved Stat5-binding sites (TTCNNNGAA/TTCNNNTAA) in the murine SMN promoter (NCBI AF027668) but none in the human SMN2 promoter (NCBI AF027688). Three similar CTCNNNTAA elements were detected uniquely in the revealed a total of twelve STAT5-binding sites for the human SMN2 and none for mouse Smn promoter. We believe that this difference may account for the profound SMN induction we see when SMN2 is the source of SMN protein.
PRL treatment in SMA mice has revealed a significant in vivo induction of SMN protein, which correlates with an overall improvement in the phenotype of the disease. PRL treatment attenuated the weight loss and improved motor neuron function considerably; it also resulted in an approximately 70% increase in life span in SMA mice. However, the degree of SMN induction, greater than that observed in heterozygote mice that have a normal life span (Supplemental Figures 4 and 5) , is at odds with the significant but in contrast comparatively modest improvement in longevity. Four obvious sources of this disconnect are as follows: (a) notwithstanding the P1 inception of treatment, a delay in SMN induction in the target motor neuron; (b) a role for SMN in other neuronal cells besides motor neurons refractory to PRLmediated induction; (c) a role for SMN in other tissues refractory to PRL-mediated induction; and (d) inconsistent SMN induction. Given the small size of P1 and P2 pups, there can be technical challenges in ensuring complete administration of the total PRL dose in the first few days of life. However, the recent AAV 9 SMN gene therapy rescue of the same mouse model work has shown that motor neuron transduction as late as 5 days still results in survival extension to 40 days, suggesting that a failure to induce SMN in other neuronal cells or in tissues other than the motor neuron may be the more likely source of the mortality (38) . In this regard, the recent observation of significant cardiac pathology in this mouse model (43) (44) (45) combined with the lack of SMN induction we observed in the myocardium tissue (Supplemental Figure 2) suggest that cardiac failure may underlie the early mortality. However, it has been shown that induction of SMN in heart tissue itself does not rescue SMA mice, whereas neuronal-specific transgenic
Figure 7
Smn protein level is upregulated in SMAΔ7 mice until time of death. SMAΔ7 mice were treated daily with PRL (2.5 mg/kg) from P1 onward. Brain, spinal cord, and muscle tissues were harvested upon death for Western blot analysis. expression of SMN ameliorates disease phenotype with an increase in the survival of SMA mice (46) . It may be that SMN levels higher than those induced by Prl are uniquely required in the neurons that innervate heart tissue.
Clinical experience with PRL is limited, although a recent study has demonstrated the safe and effective use of recombinant PRL for mothers with lactation insufficiency (47) . Moreover, PRL has been shown to regulate oligodendrocyte precursor proliferation and mimic the regenerative effects of pregnancy. PRL's striking ability to repair demyelination identifies it as a potential therapeutic agent in multiple sclerosis (48) . There could be some potential side effects of higher levels of PRL. A condition called hyperprolactinaemia (resulting from higher levels of blood PRL) can lead to hypoestrogenism, which may result in infertility and osteoporosis (49) . Higher levels of PRL also decrease dopamine release; therefore, some antipsychotic and antidepressant drugs can elevate PRL levels as well.
Our results demonstrate a clear promise for PRL use in clinical trial studies: amelioration of disease phenotype in a mouse model, BBB penetration, and safe and FDA-approved status. Recent work has shown that the maximum treatment benefit for murine SMA is contingent upon early timing of SMN gene therapy. An early diagnosis followed by a prompt initiation of PRL treatment in SMA newborns may therefore be key to an optimal outcome in humans. We hope that SMA type II and III patients will also benefit from PRL treatment, as we hope an increase in SMN levels upon treatment will ameliorate disease progression and will improve the function of the remaining motor neurons. It will also be interesting to combine the effect of PRL with SMN2 transcript stabilizers (50) and/or neuroprotective compounds such as Y-27632 (Rho kinase inhibitor) (51) .
Presently there is no cure for SMA. This study provides a good mechanistic insight into how SMN protein is regulated through PRL via the STAT5 pathway ( Figure 8 ) and its effect on the phenotype of the disease as well its potential for future therapeutic use for the treatment of SMA.
Methods
Animals. All experiments were performed in accordance with Animal Care and Veterinary Services (ACVS), University of Ottawa, legislation. All protocols were approved by Animal Care and Veterinary Services and Ethics of the University of Ottawa and all experiments were carried out in accordance with the Canadian Institute of Health Research (CIHR) Guidebook. CD-1 mice were obtained from Charles River Laboratory. The original breeding pair of heterozygous SMAΔ7 mice (mSmn +/-;SMN2 +/+ , SMN2*Δ7 +/+ ) on the FVB background were provided by the Jackson Laboratory. The animals were maintained in an air-conditioned, ventilated animal facility. Survival, righting time, and weight were monitored daily as described by Avila et al. (33) .
PRL administration. The mouse or human recombinant PRL was diluted in PBS and administered through i.p. injection using a 30-gauge needle. Control animals received equal volumes of vehicle alone. SMAΔ7 mice were genotyped at P0, and PRL treatment was started from P1. Animals were sacrificed within 24 hours of final PRL dose.
Reagents. PRL was purchased from Cedarlane Labs, and ATA was from Sigma-Aldrich. Nonsilencing siRNA control and STAT5 siRNA (#6275) were supplied by QIAGEN and Cell Signaling, respectively. The antibodies used in this study were SMN/Smn (BD Transduction Laboratories), PRLR (Abcam), actin (Abcam), tubulin (Abcam), phospho-STAT5 (Cell Signaling), total STAT5 (Cell Signaling), and HB9 (Abcam).
Primer sequences. For q-PCR, sequences were as follows: SMN, human (amplifies full-length transcript only) forward: 5′-GCTATCATACTGATACTG-GCTATTATATGGGTTTTT-3′; reverse: 5′-CTATAACGCTTCACATTCCA-GATCTG-3′; actin, forward: 5′-CTGGAACGGTGAAGGTGACA-3′; reverse: 5′-AAGGGACTTCCTGTAACAATGCA-3′.
Genotyping was performed as previously described by Avila et al. (33) using the following primers: mSmn WT, forward: 5′-TCTGTGTTCGT-GCGTGGTGACTTT-3′; reverse 1877: 5′-CCCACCACCTAAGAAAGCCT-CAAT-3′; Lac Z, forward: 5′-CCAACTTAATCGCCTTGCAGCACA-3′; reverse: 5′-AAGCGAGTGGCAACATGGAAATCG 3′; human SMN2 transgene, forward: 5′-CAAACACCTGGTATGGTCAGTC-3′; reverse: 5′-GCAC-CACTGCACAACAGCCTG-3′. Product sizes were as follows: mSMN: 372 bp; Lac Z: 626 bp; SMN2 transgene: 250 bp (Supplemental Figure 3) .
Cell culture and drug treatment conditions. Human NT2 or MN-1 cells were maintained in standard conditions (37°C in a 5% CO2 humidified atmosphere) in DMEM supplemented with 10% FCS, 1% antibiotics (100 units/ml penicillin-streptomycin), and 2 mM glutamate.
NT2 or MN-1 cells were seeded in 12-well plates (2.5 × 10 5 cells/well) and treated beginning 24 hours later with PRL (25, 50, 75 , and 100 ng/ml) for 48 hours. For time-course experiment, NT2 cells were seeded in 12-well plates (2.5 × 10 5 cells/well) and treated beginning 24 hours later with PRL (50 ng/ml) for up to 1 hour. For ATA treatment, NT2 was seeded in 12-well plates (2.5 × 10 5 cells/well) and treated beginning 24 hours later with ATA (125 μM) for 24 hours.
Transfection. For siRNA transfections, NT2 cells were seeded in 12-well plates (2.0 × 10 5 cells/well) and transfected on the following day in serumfree DMEM with STAT5 siRNA (50 nM) or nonsilencing control siRNA (50 nM), using LipofectAMINE 2000 transfection reagent for 48 hours.
Quantitative RT-PCR. Total RNA was isolated according to the protocol provided by the manufacturer using the RNeasy kit (QIAGEN). For quantitative RT-PCR, cDNA was reverse transcribed from isolated RNA with oligo dT18 primer using the First-Strand cDNA Synthesis Kit (GE Healthcare) following the manufacturer's instructions. The synthesized cDNA template was used for quantitative PCR employing the QuantiTect SYBR Green PCR Kit (QIAGEN) and analyzed on an ABI Prism 7000 sequence detection system using the ABI Prism 7000 SDS Software. Quantitative PCR was carried out to detect SMN and actin genes using the primers listed above.
Western blot analysis. Cells were washed 2 times with 1 ml PBS (1×) and lysed in 75 μl RIPA buffer containing 10 mg/ml each of aprotinin, PMSF, and leupeptin (all from Sigma-Aldrich), 5 mM β-glycerophosphate, 50 mM NaF, and 0.2 μM sodium orthovanadate for 30 minutes at 4°C, followed by centrifugation at 13 000 g for 15 minutes; supernatants were then collected and kept frozen at -20°C. Tissue samples were homogenized in 1 ml RIPA (10 mg/ml each of aprotinin, PMSF, and leupeptin) and then sonicated for 15 seconds. Total protein concentrations were determined by Bradford protein assay using a Bio-Rad protein assay kit. For Western blot analysis, protein samples were separated by 10% SDS-PAGE. Proteins were subsequently transferred onto nitrocellulose membrane and incubated in blocking solution (PBS, 5% nonfat milk, 0.2% Tween-20) for 1 hour at room temperature followed by overnight incubation with primary antibody at 4°C at the dilution prescribed by the manufacturer. Membranes were washed with PBS-T (PBS, and 0.2% Tween-20) 3 times followed by incubation with secondary antibody (anti-mouse or rabbit; Cell Signaling) for 1 hour at room temperature. Antibody complexes were visualized by autoradiography using the ECL Plus and ECL Western Blotting detection systems (GE Healthcare). Quantification was performed by scanning the autoradiographs, and signal intensities were determined by densitometry analysis using the Odyssey v1.1 program.
Immunofluorescence staining and confocal microscopy. Brain stems and spinal cords were briefly rinsed in PBS, fixed for 6 hours in 2% paraformaldehyde in PBS, and then transferred for cryopreservation into 30% sucrose/PBS prior to the making of the cryostat blocks. 20-μm sections were obtained with a cryostat, collected onto positively charged slides, and air dried for 1 hour at room temperature. The slides were then incubated for 30 minutes with 0.2% Triton X-100/PBS, briefly rinsed with PBS, and then incubated with 10% normal goat serum in PBS. Blocking solution was discarded, and the slides were then incubated overnight at 4°C with the mouse anti-SMN antibody diluted in PBS at 1:1000 (BD Biosciences -Transduction Laboratories) and the rabbit anti-HB9 neuronal marker diluted in PBS at 1:1000 (Abcam). After incubation with the primary antibodies, the slides were rinsed 3 times for 10 minutes with PBS and then incubated for 1 hour at room temperature with goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 568 (Invitrogen) diluted at 1:1000 in PBS. The slides were then rinsed 3 times for 10 minutes with PBS, counterstained for 5 minutes with Hoechst 33342 (Invitrogen), diluted at 10 μg/ml in PBS, and mounted with Dako Fluorescent Mounting Medium. Confocal microscopy was performed with an Olympus FluoView FV1000 confocal microscope. Confocal microscope settings remained constant for each of the channels imaged. Channels were acquired in a sequential mode; the laser output was set at 5% and the confocal aperture was set at 176 μm.
Statistics. GraphPad Prism software package (version 5; GraphPad Software) was used for the Kaplan-Meier survival analysis. The log-rank test was used, and survival curves were considered significantly different at P < 0.0001. Data in figures (histograms, points on graphs) are mean values with the SD shown as error bars.
